Background and purpose: Enlargement of the subarachnoid spaces in infancy (ESSI) is a common cause of macrocephaly without proven explanation. We have observed subarachnoid diffusion to be decreased in these patients. We aim to quantify the diffusivity of ventricular and subarachnoid cerebrospinal fluid in ESSI patients, to determine if diffusion characteristics deviate from normocephalic infants, and to propose a unique mechanism for ESSI. Materials and methods: 227 consecutive brain magnetic resonance exams from different macrocephalic children were retrospectively reviewed after institutional review board waiver. Patients with noncommunicating hydrocephalus, substantial ventriculomegaly, atrophy, structural bone and/parenchymal abnormalities, abnormal brain signal, hemorrhages, meningitis, and normal imaging were excluded. A total of 53 exams from macrocephalic patients and 21 normocephalic subjects were analyzed. Mean quantitative apparent diffusion coefficient (ADC) values were obtained from the ventricular frontal horn and frontal subarachnoid spaces. The subarachnoid:ventricular ADC ratios were compared using a Mann-Whitney Utest. Results: The mean age was 13 þ/À8 months (macrocephalic cohort) and 13 þ/À 6 months (normocephalic cohort). The subarachnoid fluid mean ADC was 2.50þ/À0.26 Â 10 À3 mm 2 /s in the macrocephalic group and 2.84þ/À0.29 Â 10 À3 mm 2 /s in the normocephalic group. The ventricular fluid mean ADC was 2.97þ/À0.37 Â 10 À3 mm 2 /s and 2.74 þ/À0.32 Â 10 À6 mm 2 /s, respectively. The mean quantitative ADC ratios in the macrocephalic group were 0.85, significantly smaller than the normocephalic group (1) (z ¼ À6.3; p ¼ 0). Conclusion: Subarachnoid space fluid diffusivity is reduced in patients with enlarged subarachnoid spaces of infancy. We propose insufficient frontotemporal capillary protein resorption to be the initiating factor in ESSI, leading to unbalanced osmotic/hydrostatic pressures, and secondary congestion.
Introduction
Subarachnoid fluid space expansion is thought to be the most common cause of infantile macrocephaly. 1, 2 It is often known by the euphemism ''benign enlargement of the subarachnoid spaces of infancy (BESSI)'' as it is generally considered a temporary, innocent process without long-term sequela. The underlying mechanism for the accumulation of excess subarachnoid fluid remains unsolved. Historically, insufficient cerebrospinal fluid (CSF) resorption by functionally immature or impaired arachnoid granulations has been the general consensus. 1, [3] [4] [5] However, it is now known that venous hypertension may be causative or contributory under some circumstances. [5] [6] [7] [8] Recent research in CSF hydrodynamics has also uncovered additional routes of CSF transvenous movement: venous capillaries and post-capillary venules are proposed as the major sites of CSF reabsorption. 9, 10 Furthermore, extensive lymphatic networks within respiratory submucosa demonstrated in both animal models and posthumously in human subjects suggest that the extracranial lymphatic system plays an important role in CSF resorption, especially in the neonatal period prior to maturation of arachnoid granulations. [11] [12] [13] To further complicate the matter, some patients with ESSI were born prematurely, and therefore, are at higher risk for germinal matrix/intraventricular hemorrhage that can alter CSF hydrodynamics and compound the assessment.
From an imaging perspective, enlargement of the subarachnoid spaces of infancy (ESSI) is characterized by voluminous frontotemporal predominant hypodense subarachnoid space fluid that demonstrates T2 prolongation and T2 FLAIR signal suppression, reflecting its simple nature. 14 However, we have observed reduced diffusion in enlarged subarachnoid fluid spaces relative to ventricular fluid diffusion values, suggesting differences between subarachnoid and ventricular fluid composition. The purpose of this study is to compare the diffusion characteristics of subarachnoid space and ventricular space fluid in patients with and without ESSI. We aim to quantify the diffusivity of ventricular and subarachnoid CSF in ESSI patients, to determine if diffusion characteristics deviate from normocephalic infants, and to propose a unique mechanism for ESSI.
Materials and methods
The Radiology Information System at a single academic children's hospital was searched for all consecutive brain magnetic resonance (MR) exams performed over a 26-month period (1/1/12 -2/28/14) from patients less than three years old containing the term ''macrocephaly'' after institutional review board waiver. The search yielded 227 exams, all from different patients. All patients with non-communicating hydrocephalus, moderate or greater ventriculomegaly, atrophy, structural bone and/parenchymal abnormalities, abnormal brain signal, hemorrhages, meningitis, and normal imaging were excluded. Normal brain MR exams from 21 age matched control normocephalic subjects were also evaluated.
Each patient's electronic medical record was researched for presenting symptomatology, demographic information, gestational age at birth, and pertinent physical exam findings. Apart from macrocephaly (n ¼ 53), developmental delay (n ¼ 12) and seizure (n ¼ 4) were the second and third most common clinical indications for the macrocephalic cohort. Seizure (n ¼ 11) and developmental delay (n ¼ 5) were the commonest exam indications in the normocephalic patients. No patients had a known diagnosis of autism at the time of imaging.
Imaging studies were performed on either a 1.5 or 3.0 Tesla MR scanner (Signa HDxt, General Electric, Milwaukee, WI). All exams contained at least the following pulse sequences: axial diffusion tensor images (DTI), sagittal or coronal SPGR T1, axial T2WI, and axial SWAN images. All patients younger than one year had dual-echo spin-echo PD/T2 images available for review while axial FSE T2 and T2 FLAIR images were acquired in all those older than one year. DTI was performed in the axial plane with 3-5 mm slice thickness, seven directions of encoding, 128 Â 128 or 192 Â 192 matrix, a b value of 1000 ms, and a single b0 image. Vendor-provided software (Functool, General Electric, Milwaukee, WI) was used for DTI distortion correction and processing at the time of clinical interpretation. DTI data and structural images were retrospectively interpreted for the purposes of this study in consensus by two board-certified neuroradiologists blinded to the clinical status of the patient. Both neuroradiologists had greater than three years of clinical experience after board certification. All MR exams were of diagnostic quality.
3 mm elliptical regions of interest (ROI) were manually drawn in the lateral ventricular frontal horns and frontal subarachnoid space using FuncTool (Figure 1 ). Specific ventricular and subarachnoid space ROI locations were selected in areas of homogeneous signal. Care was taken to avoid parenchyma, vessels, bone, meninges, and CSF flow artifacts. Neuroradiologist discretion was used to determine if additional ROIs were required for a specific case. Mean quantitative apparent diffusion coefficient (ADC) values were recorded. The subarachnoid to ventricular ADC ratios were compared using a Mann-Whitney U-test. p values < 0.05 were considered significant. In each patient, the maximum width of the frontal subarachnoid space (from the calvarial inner table to the surface of the superior frontal gyrus of the frontal pole) was measured manually with electronic calipers on a PACS workstation. The mean subarachnoid space depth was then calculated. The maximum transverse diameter of the frontal horns was also measured. Proton density and T2 FLAIR images were qualitatively analyzed for subarachnoid space hyperintensity relative to ventricular intensity when available.
Results
A total of 53 patients (33 males, 20 females) with macrocephaly and ESSI met inclusion criteria. There were 21 total normocephalic patients (10 males, 11 females). The mean patient age was 13 þ/À 8 months, range 0.3 to 34 months (macrocephalic cohort) and 13 þ/À 6 months, range one to 25 months (normocephalic cohort). Thirty-four percent (17/50) of macrocephalic patients were former premature neonates (gestational age <37 weeks). The birth history of the remaining three macrocephalic patients was unknown. None of the 21 normocephalic subjects were born prematurely.
The mean depth of the subarachnoid fluid measured 6.4 mm in the macrocephalic group and 2.4 mm in the normocephalic group. The mean bifrontal diameter was 34 mm in the macrocephalic group and 29 mm in the normocephalic group. In the macrocephalic patients, the subarachnoid fluid mean ADC was 2.50 þ/À 0.26 Â 10 À3 mm 2 /s; ventricular fluid mean ADC was 2.97 þ/À 0.37 Â 10 À3 mm 2 /s ( Figure 2 ). In the normocephalic group, the subarachnoid fluid mean ADC was 2.84 þ/À 0.29 Â 10 À3 mm 2 /s; ventricular fluid mean ADC was 2.74 þ/À 0.32 Â 10 À6 mm 2 /s ( Figure 3 ). Both ventricular fluid and subarachnoid space mean ADC values between the macrocephalic and normocephalic groups significantly differed (p < 0.001). The mean quantitative ADC ratios in the macrocephalic group were 0.85, significantly lower than those in the normocephalic group (1) 
Proton density images were acquired in all patients that were younger than 12 months (n ¼ 25 for the macrocephalic group; n ¼ 5 for the normocephalic group). Forty percent (10/25) of macrocephalic patients had asymmetrically hyperintense subarachnoid space fluid compared to intraventricular fluid (Figure 2(c) ). In all five normocephalic patients, subarachnoid and intraventricular fluid was isointense (Figure 3(c) ). In both groups, subarachnoid space fluid and ventricular fluid were equally hypointense on T2 FLAIR sequences, without discernable signal differences between locations.
Discussion
Expanded frontotemporal subarachnoid fluid characterizes enlarged extra-axial spaces of infancy (ESSI). The mean age at clinical presentation is approximately nine months; 15 macrocephaly and subarachnoid space expansion tend to resolve after two years of age. 14, 15 However, fetal MR findings suggestive of prenatal imaging correlates have been described. 16 The normal median width of the frontal subarachnoid space in the prenatal period ranges from 3-4 mm (18-32 months) to 2 mm (>32 months) and is never greater than 6 mm. 17 In the infantile period, the normal mean sonographic width of the frontal subarachnoid space in infants has been reported to be between 1 and 2.1 mm. [18] [19] [20] The location of adjacent cortical veins is an important indirect marker to distinguish ESSI and simple subdural space fluid; fluid located between the vessels of the arachnoid membrane and the surface of the brain is within the subarachnoid space.
By nature, this CSF is simple in character: hypodense on CT, hyperintense on T2WI, and hypointense on T1WI and T2 FLAIR MR sequences. However, signal differences between intraventricular and subarachnoid space fluid are routinely visible on diffusion-weighted images, with relatively reduced subarachnoid fluid diffusion (Figures 1(b) and 2(a) ). Proton density images may also show subtle signal differences, occasionally hyperintense in frontotemporal subarachnoid spaces (Figure 2(c) ). These signal variations likely result from differences in protein concentrations between the ventricular space (lower protein concentration) and the subarachnoid fluid (higher protein concentration). In contrast, the subarachnoid and ventricular CSF in normocephalic patients without ESSI is isointense on diffusion weighted and proton density weighted images (Figure 3 ). Although sound causal theories have been suggested, the mechanism by which ESSI develops remains unsolved. Any process that impairs CSF resorption or enhances CSF secretion can cause excess intracranial CSF. CSF production increases over childhood, most rapidly in the first year. 21 Age, sex, and body weight also contribute to CSF volume. 1 Pathologic conditions that cause subarachnoid debris or scarring can result in impaired CSF resorption. 22 Because ESSI is an age specific process, many authors have suggested that it is secondary to a temporary functional immaturity of the arachnoid granulations. However, only a minor volume of CSF is actually absorbed by the arachnoid granulations under normal circumstances. 6 In fact, arachnoid granulations may not be present at all at the time of birth; 13 development does not generally commence until after 39 weeks gestational age. 23, 24 Furthermore, new data suggest that the direct role of CSF vascular resorption in childhood has gone largely underrecognized. [5] [6] [7] [8] With the emergence of this new paradigm, the underlying mechanistic cause of ESSI needs to be readdressed.
Our findings of reduced diffusion and increased PD subarachnoid space signal in ESSI may reflect an abnormal protein distribution in the CSF. Under normal conditions, protein content within the subarachnoid space exceeds that of intraventricular CSF. 25 Plasma proteins transported across the capillary endothelium are the primary source of CSF proteins. 25 The normal mean lumbar CSP protein concentration has been reported as 35 mg/dl (range 20 to 45 mg/dl), approximately twice that of the ventricular cavity. Both term and preterm neonates may have higher lumbar CSF protein concentrations, up to 170 mg/dl (mean 90 mg/dl), normalizing to adult levels over the first few years of life. 25, 26 Prematurity of the blood-CSF barrier allowing macromolecular permeability across the developing endothelium is thought to account for the relative hyperproteinaceous CSF in the neonatal period. 26 Protein concentration in CSF varies by location. In general, the concentration of protein gradually increases along the craniocaudal length of the neuralaxis (ventricles to lumbar subarachnoid spaces), without regard to age. 26 A notable exception occurs in the cerebral subarachnoid spaces, where it has been shown to exceed protein concentrations in the lumbar region. 26 Although the cause of this discrepancy remains contentious, it is unlikely to be related to stagnation from decreased arterial pulse pressure. 26 Local difference in water resorption proficiency is one possible explanation. 27 Also, albumin permeability has been demonstrated to be greatest in the vessels along the cortical subarachnoid spaces; however, albumin is resorbed quicker in the cortical subarachnoid spaces than in lumbar space albumin. 27 Interindividual variability exists regarding the number and location of normal arachnoid membranes known to compartmentalize the basilar cisterns that represent obstacles to bulk CSF flow. Prepontine arachnoid membranes or trabeculations are inconstant structures. The membrane of Liliequist is a complex arachnoid membrane typically connecting the dorsum sella to the mammillary bodies and sometimes to the brainstem. [28] [29] [30] [31] It may be impermeable, completely dividing the interpeduncular and chiasmatic cisterns in 10-30% of adults. 30, 31 Less is known about the anatomy of these membranes in early life. Whether they are stable or perforate over time remains to be seen. It is conceivable that imperforate or minimally permeable arachnoid membranes in the basal cisterns could contribute to ESSI.
With this background, we propose that an unbalanced osmotic/hydrostatic pressure in the frontotemporal subarachnoid spaces generates ESSI, rather than arachnoid granulation immaturity. Frontotemporal capillary hyperpermeability coupled with insufficient active protein transport may represent the final common pathway. The tortuous, small ventricular chambers in young patients together with arterial pulsation induced eddy currents and incompletely permeable cisternal arachnoid membranes may be factors contributing to decreased reflux into the ventricles where protein absorption is more robust. 9, 30, 31 Although osmotic differences between subarachnoid fluid and intravascular fluid have not been firmly established, mechanistically, it is possible that subarachnoid osmotic pressures exceed intravascular osmotic pressures, water moves from the intravascular to subarachnoid space, and subarachnoid fluid is increased. However, osmotic pressures may not be able to fully equalize because space is limited. Therefore, both fluid and protein contents increase and bulk CSF flow is reduced, accentuating the protein gradient between the subarachnoid and ventricular spaces and causing the MR imaging manifestations of ESSI: increased frontotemporal subarachnoid fluid that demonstrates reduced diffusion and hyperintensity on PD images. Over time, increasing CSF pressure causes venous collapse that can potentiate the severity of ESSI. 8 On the other hand, intraventricular ADC values in patients with ESSI were elevated compared to those of normocephalic age-matched controls and to intraventricular ADC values from a series of normal adult volunteers. 32 Although the significance of this is unclear, it is possible that there is a compensatory increase in intraventricular protein transport into the brain, increased CSF excretion into the ventricles, or both. It is unclear to what degree elevated mean ADC values overlying the cerebrum associate with occult brain injury, if at all.
Although most patients with infantile subarachnoid space fluid expansion are developmentally normal, symptomatic associations have been demonstrated. From a structural perspective, ESSI is a predisposition to subdural fluid collections, shown to complicate enlarged extraaxial spaces approximately 6% of the time according to a recent study. 33 Transient psychomotor delay has been reported in patients with ESSI. 2, 3, [34] [35] [36] In neonatal intensive care unit survivors, enlarged subarachnoid spaces are positively correlated with cerebral palsy and developmental delay, especially in patients with a history of surfactant deficiency or extracorporeal membrane oxygenation. 37 Shen and colleagues recently proposed a link with autism, particularly in patients with early and prolonged subarachnoid space enlargement. 38 Furthermore, animal models have demonstrated diminished neuronal proliferation in germinal zones in noncommunicating hydrocephalus. 39 In ESSI, treatment options range from watchful waiting to surgical drainage, with decisions ultimately based upon symptoms and perceived risks/benefits. 3, 40 Moving forward, an imaging marker to aid in the prediction of brain injury and its chronic sequela in patients with ESSI would be a useful diagnostic adjunct.
One may wonder whether the magnitude of reduced diffusion in the subarachnoid spaces in these patients could correlate with propensity for brain injury. To answer this question, additional long-term studies are required using imaging markers such as quantitative ADC values or proton density signal changes to estimate subarachnoid space/intravascular osmotic gradients. Because it isn't typically diagnosed until age four, it is unclear how many of our patients may have autism. 41 There are several study limitations. Few patients in both cohorts could limit generalizability, however, statistical significance was achieved. Subarachnoid space fluid was, by definition, more difficult to isolate and evaluate in the normocephalic cohort. The dynamic character of CSF may have caused some ADC value inaccuracies, especially in small regions of interest. Nonetheless, analyzed slices were chosen with special care to omit adjacent tissue, vessels, and bone.
Conclusion
Subarachnoid space fluid diffusivity is reduced in patients with enlarged subarachnoid spaces of infancy. We believe that this reflects a relative cerebral subarachnoid hyperproteinemia from insufficient protein absorption. The ensuing subarachnoid fluid volume increase is compensatory in attempt to regain osmotic/hydrostatic pressure equilibrium.
